Resonant electron injection and first-principles calculations are utilized to study singleadsorbed selenium (Se) atom on a Si(111)-7×7 surface. Theoretical calculations indicate that a negative dipole of 0.61 eV forms toward the adsorbed Se atom due to electron transfer from the associated Si atoms. The formation of surface dipole modifies the effective tunneling barrier height and causes a shift in the energy of the resonant state formed in the vacuum gap between the tip and the sample surface. The experimental data imply that an outward negative surface dipole of 0.61 eV causes a resonant electron injection bias shift to high voltage of about 0.45 V.
I. INTRODUCTION
Scanning tunneling microscopy (STM) is a powerful probe in studying the electronic properties of surfaces and has given insight into a wide range of problems in condensed matter physics [1−3] . In particular, probebased spectroscopic techniques, such as current-voltage (I-V ) spectroscopy, have provided accurate methods to determine the electronic states of surfaces and surfacetrapped adsorbates [4, 5] . The formation of electron standing wave resonances, formed in the vacuum gap between the tip and the sample surface, has been established using spectroscopic techniques for both metallic and semiconducting surfaces [6, 7] . Because the voltage for I-V measurements is limited by the dynamic range of the STM electronics I-V converter, another technique named distance-voltage (z-V ) spectroscopy has been developed, which can be used to obtain spectroscopic information over a high voltage range since the STM feedback loop is active and maintains current as constant while the voltage changes [8] . The z-V spectroscopy technique can be useful for measuring high voltage resonances and image states, which refers to the image potential derived states shifted by the electric field in the tunneling junction [9] and consequently allows the direct measurement of the occupied and empty states of samples. Recent interest in the use of STM to image the insulating surfaces at high sample * Author to whom correspondence should be addressed. E-mail: qhwu@qztc.edu.cn, Tel./FAX: +86-595-22937909 bias, such as diamond, and NaCl and MgO thin films, has led to the development of the novel mode of STM [10−12] . Based upon the resonant injection of electrons into a sample surface at a bias matching the energy of the standing wave resonance, this technique has so far been applied to atomic-scale imaging of the hydrogenterminated and un-terminated C(100) surfaces of diamond and the Si(100)-2×1 surface [13] . These studies have proven that the z-V curve depends on the local charge-carrier transport properties of the sample and the energy of the resonant state shifts is in response to the local surface electronic structure. The mechanism by which the surface-electron interaction may shift the energy of the electron standing-wave state has not been fully considered. A re-evaluation of STM-based resonant tunneling therefore is necessary, motivated by the possibility of extending this technique to the study of important surfaces with an atomic resolution.
In this work, we study selenium (Se) adsorbed Si(111)-7×7 surface using resonant-injection mode STM. The structure of this Si surface is well known, and has been studied extensively using conventional tunneling spectroscopic techniques [14, 15] . A z-V spectroscopy study is presented to examine the shift in the energy of the standing wave resonances in response to the scanning probe at the Si adatom and absorbed Se atom sites. By relating the resonant energy to the electric field between the barrier potential and surface, this technique provides a probe of the local work function at specific sites on the surface. Furthermore, shifts in the energy of the resonant states, which occur at larger tipsample separation provide information about the spatial dependence of the state energies and local electric field in the direction perpendicular to the surface.
II. EXPERIMENTS
The STM experiments were performed in an ultrahigh vacuum (UHV) chamber with a base pressure of 0.1 pbar using a SPECS Aarhus STM and chemically etched tungsten tip at room temperatrue. Commercial n-type Si(111) samples were used in this study. The 7×7 reconstruction surface was prepared by standard flashing to 1100
• C. Se deposition was performed by resistant heating a Se-contaited tantalum boat [16] . z-V spectroscopy was performed at selected sites by varying the sample bias in the range of 3.0−7.5 V with constant current of 0.9 nA. The measurement modulation is at 880 Hz, which means the time for each z-V spectrum is about 1.1 ms. At this period the thermal drift between tip and sample is bout 0.3Å. The measured z corrugation is given by dz/dV -V spectra, where dz/dV is the numerically evaluated slope of the z-V curve.
The electronic structure of the Se-Si(111)-7×7 system was investigated via a series of first-principles calculations implemented in the Vienna ab initio simulation package (VASP). All calculations on the Se-Si(111)-7×7 system were performed using the projector augmented wave method (PAW) with plane wave basis set. The exchange-correlation energy functional was treated within the generalized gradient approximation (GGA). The wave functions were expanded by the plane waves up to an energy cutoff of 250 eV. Only the Γ point in the Brillouin zone was used for the integration in our simulations. The surface unit cell contains a slab of four Si layers together with twelve Si adatoms, and a vacuum layer of around 12Å in thickness. The front surface contains the 7×7 reconstruction in the Takayanagi model whereas the back surface is hydrogen-passivated. Except for the very bottom layer, all of the Si atoms were fully relaxed until the force on each atom was less than 0.01 eV/Å in order to minimize the system total energy. Figure 1 shows typical empty-state STM images of the Si(111)-7×7 surface and that same surface after deposition of about 0.005 monolayer Se (1 ML=7.8×10
III. RESULTS AND DISCUSSION
14 atoms/cm 2 ).
As described previously [16] , bright protrusions appearing close the Si adatom positions, indicated as arrows in the STM image ( Fig.1(b) ), can be assigned as the adsorbed Se atoms. Former theoretical studies have indicated that the single Se atom energetically prefers to adsorb at the A site on the Si(111)-7×7 surface [16] . In this adsorption mode, the Se atom bonds with two surface Si atoms: one is the Si adatom and the other is one of the backbonding Si atoms of this adatom. The z-V curves both at the Si adatom and the absorbed Se atom have been measured and their corresponding dz/dV -V curves are presented in Fig.2 . In resonant-injection mode alignment of the energy of the tunneling electron with the resonant state in the vacuum gap gives rise to higher electron transmission and thus the STM tip retracts more rapidly from the surface revealing the steps in the z-V spectra or peaks in the dz/dV -V curves. In Fig.2(a) we observe that the tip-sample distance increases due to the absorption of Se atom. In Fig.2(b) , it is obvious that the first and second resonant peaks (n=1, 2) at the absorbed Se atom site shift to higher sample bias about 0.45 and 0.40 eV, respectively, suggesting a shift in the resonant state towards higher energy almost to the same extent. What cause the shift of resonance energy and the increase of z in the resonant electron injection after Se adsorption? Previous studies have indicated that the increase of the resonance energy is due to the increase of the work function of the local surface [17] . This conclusion can also be partially applied to the present work, because Se has higher work function than Si. However, as discussed above that the z-V curve refers to the image potential derived states shifted by the electric field, the more deep reason could be interpreted with the model of quantized states formed in a potential well in the tip-sample gap. In Fig.3 , the charge density image, and curves of charge density (q) and charge number for Se and Si ions against their radius (r) have been plotted. A charge transfer from Si to Se has been proved because Se has a higher electronegativity than that of Si. The work functions of amorphous Se and Si(111)-7×7 are 5.9 and 4.5, respectively. The Fermi level of amorphous Se is lower than that of Si(111)-7×7, driving electron transfer from the valence band maximum of Si to the unfilled states within the valence band of Se. The charge transfer results in the increase of the local work function at Se adsorbed site. Due to the additional negative charge around the absorbed Se atom and consequently the same amount of positive charge around the underneath Si atoms, a negative dipole outward from Si surface is mostly expectantly formed. The charge number of the adsorbed Se atom has been calculated to be 1.6 negative electrons when its radius is 0.8Å taking the maximum q of Se (see Fig.2(b) ), and the total charge number of the two Si ions is thus equal to 1.6 positive electrons. Surface dipole (D s ) can thus be calculated according to following equation,
where ε 0 =8.85×10 −12 F/m=8.85×10 −12 (A·s)/Vm, ε is the average of dielectric constants of Si and vacuum, which is 6.45, q is the areal charge density of Se/Si interface, and d is the distance of Se atom and the Si surface, which has been theoretically measured to be 1.718Å. Here, we take a half Si unit cell as the area of the Se/Si interface, because a single Se atom can only locate inside a half Si unit cell, and furthermore, the half Si unit cell is rather independent from the whole Si surface. Thus, q=1.6 e/area of half Si unit cell, q=1. 10Å . Thus, we obtain D s =0.61 eV.
The presence of a surface negative dipole at the absorbed Se atom site increases the local work function and then partially causes the shift of the resonance injection voltage towards higher energy. This result is consistent with previous reports [18] . At the same time, the surface dipole modifies the electrostatic potential in the vacuum gap and hence the electric field acts on the electron in the resonant tunnelling state. A shift with applied bias of the standing wave resonances implies a difference in the local electrostatic field. In order to relate shifts in the resonant energies to the local electric field experienced by the injected electrons in the quasi-bound state [7, 19] , a simple model was considered based upon the energy eigenstates of a triangular barrier potential on the Si adatom and Se adsorbed sites in Fig.4 by considering the presence of the local surface dipole at the Se adsorbed surface. If the bias voltage is close or exceeds the work function of the tip or sample, the tunnelling gap becomes classically accessible. A triangular quantum well is formed within the tunneling junction. When the wave function matches the barrier sharp, a standing wave is formed in the classically accessible region of the tip-sample gap [20] . For both standing-wave resonances, the peak voltages obtained from dz/dV -V spectra were observed to be higher on the absorbed Se atom than that for the Si adatom site. This agrees with an increased tip-sample distance at the Se site, such that the Se atoms appear brighter in contrast to the Si adatom sites in an image obtained at a constant current. To maintain a constant injection current at a fixed sample bias, on the Si adatom site the STM tip must get closer to the surface to increase the local electric field and therefore increase the state energy to re-align the standing-wave resonance according to the applied bias potential. The tunnelling electrons would therefore be exposed to a local electric field at the Si adatom site that is lower than the field at the absorbed Se atom site. The slopes of the energy barriers in the vacuum are estimated from and proportional to the electric fields between the tip and the Si and absorbed Se atoms. For a triangular potential well, the energy eigenstates could be considered as:
where F is the electric field, m is the electron mass, and n is an integer representing the quantum number of each eigenstate [21] . Taking the energy eigenstate to be approximately equal to the applied bias on resonance in each case, for the state n=1 the corresponding electric field F was calculated to be 17.2 and 15.3 V/nm for the absorbed Se and Si adatom sites, respectively. The difference in electric field may be mainly caused by the outwards negative surface dipole on the absorbed Se atom site, which makes the transfer of electrons from the tip to the sample easier. Former results have reported that the transmission resonance can be monotonically shifted to a high energy with increasing the electric field [22, 23] . Our present data likely support this conclusion.
IV. CONCLUSION
The Se adsorbed Si surface has been investigated by combination of STM and first-principles calculations. The theoretical calculations demonstrated that a negative locale surface dipole forms due to the adsorption of Se atom. The STM results based on the resonant electron injection mode revealed that the negative surface dipole will cause the shifts of the resonance energy to higher bias on the adsorbed Se atom compared to the native surface Si adatom. The measured bias shift informs the direction and approximate magnitude of the change of the local electric fields. This technology will be a proper approach in measuring local electronic states at an atomic scale. 
